Regulons, which serve as co-regulated gene groups contributing to the transcriptional 22 regulation of microbial genomes, have the potential to aid in understanding of 23 underlying regulatory mechanisms. In this study, we designed a novel computational 24 pipeline, RECTA, for regulon prediction related to the gene regulatory network under 25 certain conditions. To demonstrate the effectiveness of this tool, we implemented 26 RECTA on Lactococcus lactis MG1363 data to elucidate acid-response regulons. 27
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Lactococcus lactis is one of the most important Gram-positive lactic acid-producing 28 bacteria, widely used in food industry and has been proved to have advantages in oral 29 delivery of drug and vaccine. The pipeline carries out differential gene expression, 30 gene co-expression analysis, cis-regulatory motif finding, and comparative genomics 31 to predict and validate regulons related to acid stress response. A total of 51 regulons 32 were identified, 14 of which have computational-verified significance. Among these 33 14 regulons, five of them were computationally predicted to be connected with acid 34 stress response with (i) known transcriptional factors in MEME suite database 35 successfully mapped in Lactococcus lactis MG1363; and (ii) differentially expressed 36 genes between pH values of 6.5 (control) and 5.1 (treatment). Validated by 36 37 literature confirmed acid stress response related proteins and genes, 33 genes in 38
Lactococcus lactis MG1363 were found having orthologous genes using BLAST, 39 associated to six regulons. An acid response related regulatory network was 40 constructed, involving two trans-membrane proteins, eight regulons (llrA, llrC, hllA, 41 ccpA, NHP6A, rcfB, regulons #8 and #39), nine functional modules, and 33 genes 42
with orthologous genes known to be associated to acid stress. Our RECTA pipeline 43
provides an effective way to construct a reliable gene regulatory network through 44 regulon elucidation. The predicted response pathways could serve as promising 45
candidates for better acid tolerance engineering in Lactococcus lactis. RECTA has 46 strong application power and can be effectively applied to other bacterial genomes 47
where the elucidation of the transcriptional regulation network is needed. 48
INTRODUCTION 53
Genomic and transcriptomic analyses have been widely used for elucidating gene 54 regulatory network (GRN) hierarchies and offering insight into the coordination of 55 response capabilities in microorganisms (Arnoldini et al. 2012 , Carvalho et al. 2013 , 56 Levine et al. 2013 , Locke et al. 2011 . One way to study the mechanism of 57 transcriptional regulation in microbe genomics is regulon prediction. A regulon is a 58 group of co-regulated operons, which contains single or multiple consecutive genes 59 along the genome (Cao, Ma, et al. 2017 , Mao et al. 2015 , Zhou et al. 2014 . Genes in 60 the same operon are controlled by the same promoter and are co-regulated by one or a 61 set of TFs (Jacob et al. 1960) . The elucidation of regulons can improve the 62 identification of transcriptional genes, and thus, reliably predict the gene transcription 63 regulation networks (Liu, Zhou, et al. 2016) . 64
There are three ways for regulon prediction: (i) Predicting new operons for a known 65
regulon (Kumka and Bauer 2015, Tan et al. 2001 ). This method combines motif 66
profiling with a comparative genomic strategy to search for related regulon members 67 and carries out systematical gene regulation study. (ii) Integrating cis-regulatory motif 68
(motif for short) comparison and clustering to find significantly enriched motif 69
candidates (Gupta et al. 2007 , Ma et al. 2013 . The candidate motifs are then 70 assembled into regulons. (iii) Performing ab initio novel regulon inference using de 71 novo motif finding strategy (Novichkov et al. 2010) . This approach uses a 72 phylogenetic footprinting technique which mostly relies on reference verification 73 (Blanchette et al. 2002 , Katara et al. 2012 , Liu, Zhang, et al. 2016 to the possibility and availability of L. lactis in metagenomic studies to investigate the 107 effect of microbial interaction between L. lactis and other species in the human body. 108
It is now well established that Lactococcus have evolved stress-sensing systems, 109
which enable them to tolerate harsh environmental conditions (Carvalho, Turner, 110 Fonseca, Solopova, Catarino, Kuipers, Voit, Neves and Santos 2013 , Hutkins and 111 Nannen 1993 , van de Guchte et al. 2002 . 112
Among the harsh environmental conditions that microorganisms confront, acid stress 113 is known to change the level of the alarmones (guanosine tetraphosphate and 114 guanosine pentaphosphate, collectively referred to as (p)ppGpp) (Hauryliuk et al. 115 2015) and leads to a stringent response to cellular regulation (Rallu et al. 2000) . The 116 reason that bacteria maintain the protection mechanism against acid stress is to 117 withstand the deleterious effects caused by the harmful high level of protons in the 118 exposed environment. Many mechanisms or genes related to the acid stress response 119 (ASR) have been identified. Proton-pumping activity, the direct regulator to acid 120 stress response, controls the intracellular pH level by pumping extra protons out of the 121 cell (Koebmann et al. 2000 , Lund et al. 2014 , and the increase of alkaline compound 122 levels also counters the acidification found in streptococci (Shabayek and Spellerberg 123 2017 widespread adverse effects on cell functions and inflicts response at genomic, 134 metabolic, and macromolecular levels. To better understand the mechanism that 135 controls the acid tolerance and response to the acid stress in L. lactis, we considered 136 MG1363, a strain extensively studied for acid resistance, to carry out computational 137
analyses (Carvalho, Turner, Fonseca, Solopova, Catarino, Kuipers, Voit, Neves and 138 Santos 2013 , Hartke et al. 1996 , Linares et al. 2010 , Sanders et al. 1999 Nevertheless, to adequately describe the transcriptional state and gene regulation 140 responsible for ASR in L. lactis, a GRN integrating all individual pathways is needed. 141
The experiment was conducted by six steps and the general framework is showcased 142
in Figure 1 . (i) MG1363 co-expression gene modules (CEMs) and differentially 143 expressed genes (DEG) were generated from microarray data by hcluster package 144 (Antoine Lucas 2006) and Wilcoxon test (Bauer 1972) in R, respectively. MG1363 145 operons were predicted from genome sequence using DOOR2 webserver and assigned 146 into each CEM; (ii) For each CEM, the 300bp upstream to the promoter was extracted 147 and the sequences were used to find motifs using DMINDA2.0; (iii) The top five 148 significant motifs in each CEM were reassembled by their similarity comparison and 149 clustering to predict regulons; (iv) The motifs were compared to known transcription 150 factor binding sites (TFBSs) in the MEME suite, and the TFs corresponding to these 151 
Predicted operons and CEM generation 248
A total of 1,565 operons with 2,439 coding genes of MG1363 (Dataset S1) were 249 retrieved from the DOOR2 database. Through co-expression analysis, the 1,565 250 operons were grouped into 124 co-expressed clusters. Among these clusters, two large 251 groupings contain more than 200 operons. Each of which was removed from the 252 subsequent analyses as larger clusters may have higher chances to induce false 253 positive operons which were connected with true operons by co-expression analysis. 254
For the remaining 122 clusters covering 2,122 genes, 26 (21%) contain no more than 255 10 operons; the smallest cluster had two operons, and most of the clusters (90%) 256 contained between 10 and 50 operons (Dataset S2 and Figure S1 ). 257 258 Predicted regulons based on motif finding and clustering. 259
Using BoBro in the DMINDA web server, multiple motif sequences were identified 260 from the 300 bps in the upstream of the translation start sites for each operon. Only 261 the top five significant motifs (p-value < 0.05) were selected in each cluster, giving 262 rise to a total of 610 (122×5) identified. The motif comparison-and-clustering 263 analysis was then performed on the 610 motifs, and 51 motif clusters were identified 264 with a motif similarity 0.8 as a cutoff. Intuitively, the operons sharing highly similar 265 motifs in each motif cluster are supposed to be regulated by the same TF and tend to 266 be in the same regulon. Hence, these 51 motif clusters correspond to 51 regulons 267 (Dataset S3). 268
269
Computationally-verified regulon based on TF BLAST and differential gene 270 expression (DGE) analysis. 271
Among the above 51 regulons, 14 were found containing motifs significantly (E-value 272 < 0.05) matched to known TFBSs using TOMTOM in the MEME suite, 273
representatively. The motif logos are shown in Figure S2 , and more details can be 274
found in Dataset S4. resulting from DGE analysis were integrated into the regulons. Regulons #10, #37, 292 #44 and #47 were found lacking DEGs. Thus, gene llmg_0271, related to regulon 293 #10, was not likely to respond to acid stress in MG1363 even though it has been 294 successfully mapped to MG1363, and was then grouped into the potential candidate. 295
On the contrary, ccpA and llrA were still retained due to their involvements in 296 regulons #15 and #12 with DEGs, respectively. 297 298 By the end of the computational pipeline, we predicted that regulons #2, #7, #12, #15 299 and #31 were related to GRN in MG1363. Merging regulon #7 and #31 as one, we 300 referred their TF names (ccpA, llrA, llrC, and hllA) to represent the five regulons for 301 convenience. 302 303
Verified regulons based on literature verification 304
Altogether, 36 literature-supported ASR-related transporters were successfully 305 mapped to MG1363 using blast with an E-value cutoff as 1e-10 and resulted in a total 306 of 33 mapped genes. All the 36 transporters were categorized into nine modules based 307 on their biological functions or regulated pathways, including L-lactate 308 dehydrogenase (LDH), GAD, ADI, urea degradation, F1/F0ATPase, acid stress, 309 protein repair and protease, envelope alterations and DNA repair. The 33 mapped 310 genes generate 22 operons and six regulons: llrA, llrC, hllA, NHP6A, regulon #8 and 311 #39, which were subjected, one or more, to each functional module (Table 2) . 312 313 Regulon llrA, llrC, and hllA have already been computationally identified in Table 1 false positive rate of 1/5 and a true negative rate of 2/37 of our computational 333 pipeline, indicating a reliability and feasibility of using RECTA to predict the ASR-334 related regulons. In Figure 2 rcfB worked as a trustworthy global factor; its differential expression should be less 365 significant than regulons directly responding to acid stress, thus leading to the failure 366 of being predicted by the RECTA pipeline. Nevertheless, the low number of 367 microarray data sets (eight) also limited the real performance to the ASR. However, 368
the mechanism of how H+ sensor is activating and regulating the GRN and rcfB 369 remains unclear. In the seven regulons, three--llrA, llrC and hllA--were verified 370 through literature to be related to ASR; regulons #8 and #39 showed less significant in 371 regulon prediction; NHP6A was considered as putative regulon due to its failure to 372 map in MG1363; and ccpA was another putative regulon without literature support. 
DISCUSSION AND CONCLUSIONS 398
Implementation of the novel computational pipeline RECTA resulted in the 399 construction of an eight-regulons enrolled ASR regulatory network. The framework 400 provides a useful tool and will be a starting point toward a more systems-level 401 understanding of the question (Cao, Wei, et al. 2017 ). The identified motifs and 402 regulons suggest acid resistance is a coordinated response regarding regulons, 403
although most of which have not been identified or experimentally verified. From the 404 three well-identified regulons-llrA, llrC, and hllA, it appears the gene regulation is 405 also complex, as these regulons also interact with other proteins and TFs. 406 F0/F1ATPase is directly involved in the concentration regulations of the intracellular 407 proton. Other pathways are responsible for repairing the damage caused by acid 408 stress, such as DNA repair, protein repair, and cell envelops alterations. However, 409
there were also several reported ASR-related genes or transporters such as htrA in MG1363. Using more gene expression datasets for CEM and DGE analyses could be 415 a way to strengthen the result of our computational pipeline, which might cover more 416 significant regulons to construct a more solid and complete regulatory network. 417 418 Homology mapping at the genomic level showed very a long evolutionary distance 419 between MG1363 and currently well-annotated model species. Hence, the functional 420 analysis for MG1363 is limited, and it is hard to apply gene functional enrichment to 421 verify our prediction results. With more expression datasets and experiments about 422 protein-protein interactions, the ASR mechanism can be largely improved in L. lactic 423 MG1363. 424
425
In summary, through the implementation of RECTA, we found that the ASR at the 426 transcriptome level in MG1363 is an orchestrated complex network. Functional 427 annotation shows these regulons are involved in many levels of biological processes, 428
including but not limited to DNA expression, transcription, and metabolism. Step 1: microarray data was used to generate co-expressed gene clusters 713 and DEGs, and MG1363 genome sequence was used to find operons.
Step 2: a motif 714
finding progress was carried out to identify all statistically significant motifs in each 715 of the CEMs.
Step 3: a regulon finding procedure was designed to identify all the 716 possible regulon candidates encoded in the genome based on motif comparison and 717 clustering.
Step 4: the motifs of each of these regulons were compared to known 718
TFBSs, and DGE analysis between low pH condition and normal condition was used 719
to figure out the ASR-related regulons.
Step 5: regulon validation based on literature 720 information verified the significant putative regulons and expanded the results to 721 some insufficiently significant regulons.
Step 6: the ASR-related GRN in MG1363 722 was predicted and described with eight regulons, nine functional modules, and 33 723
genes. The combination of the above information forms a genome-scale regulatory 724 network constructed for ASR. 725 shown in rectangles and results were highlighted with corresponding background 728 colors. In the computational pipeline, 51 regulons with assigned motifs and operons 729
were analyzed sequentially through significant TFBS pairing, DEG conformation, and 730 TF blast. Only regulons contained DEGs (ten) and had related mapped TF (eight) 731
were believed to be the final predicted ASR-related regulons (five). These five 732 regulons were then merged into four and using the corresponding TFs to represent 733 their names. In the literature validation process, known ASR-related transporters were 734 first mapped to the MG1363 genome and resulted in 33 genes. Those genes were then 735 searched in 51 regulons and determine six related regulons. All regulons resulted from 736 both computational pipeline and literature validation were combined, along with the 737 information of functional modules, to determine the GRN. 738 to pH change in L. lactis. The mechanism is activated by the change of proton signal 740 in a cell. RcfB is assumed to be the overall activator for the rest seven regulons and 741 controls the ASR functional module solely. Three kinds of literature verified and 742 significant ASR-related regulons, llrA, llrC and hllA, two insufficient significant 743 regulon llrD (regulon #39) and regulon #8 (llmg_1803) predicted via our workflow 744 but results under 0.8 motif similarity cutoff or could not find hit, and one putative 745 significant regulon NHP6A control the seven functional modules which are 746 experimentally verified in close species MG1363. The other significant regulon ccpA 747 failed to be confirmed by any literature proved genes or transporters. Two extra 748 functional modules, GAD, and urea degradation show no direct connection to all 749 seven the regulons. One or more homology genes are found in MG1363 for all the 750 nine modules using BLAST. The solid arrows indicate regulation between 751 regulons/TFs and functional modules/genes, and the dashed arrows indicate uncertain 752 control processes. Besides, two ovals indicate two trans-membrane proteins, one is 753 confirmed as F0/F1ATPase and the other one with dash line that we still not find its 754 related information in the public-domain literature. 755
756

TABLE LEGEND 757
Table 1．14 significant regulons that are verified and mapped to known TFs. 758
According to analyses, operon numbers and DEG determination (yes or no), matched 759 template TFs and mapped TFs were assigned for each significant regulon, 760 respectively, and were aligned based on regulon ID number. Five regulons containing 761
DEGs and having the corresponding TF at the same time were bolded, as which were 762 being computationally verified regulons to be responsible for acid stress in MG1363. 763 that successfully mapped to the MG1363 genome were listed, which resulted in 33 770 genes. All mapped genes and corresponding templated were organized by their 771 regulated pathways which were further used as functional modules. Mapped genes 772
were searched in 51 regulons to build the connections between functional modules 773 and regulons. 774
Template organisms MG1363
